During ontogenesis, leaves are first sinks for assimilates and other nutrients. Later, they assume a source function exporting assimilates to growing parts of the plants (1 1). Although the biochemistry and regulation of carbohydrate metabolism has been studied extensively in various herbaceous plants (cef 10, 24), little is known about the effect of leaf age on carbohydrate metabolism. As will be shown in this communication, nutrient deprivation during growth also influences leaf development, source-sink relationships and carbohydrate metabolism.
During ontogenesis, leaves are first sinks for assimilates and other nutrients. Later, they assume a source function exporting assimilates to growing parts of the plants ( 1 1) . Although the biochemistry and regulation of carbohydrate metabolism has been studied extensively in various herbaceous plants (cef 10, 24) , little is known about the effect of leaf age on carbohydrate metabolism. As will be shown in this communication, nutrient deprivation during growth also influences leaf development, source-sink relationships and carbohydrate metabolism.
Suboptimal phosphate availability during plant growth results in a depression of photosynthesis, changes in metabolite concentrations and carbon partitioning, and in an accumulation of starch (6, 17, 18, 25) . However, little attention has been paid to the relationship between leaf age and plant nutrient status in terms of carbohydrate metabolism. Phosphorus starvation results in the mobilisation of P from old leaves which then suffer early senescence. As a consequence ofthe redistribution of P, young leaves do not show symptoms of P1 deficiency. This is in contrast to sulfur deficiency which ' The work was supported by the Deutsche Forschungsgemeinschaft.
retards the development of young leaves (4) . It is evident from such observations that an analysis of all leaves is required for insight into the metabolic changes brought about by mineral deficiency. In this communication, such an analysis is presented for spinach plants whose phosphate or sulfate supply had been discontinued.
MATERIALS AND METHODS

Plant Growth and Metabolite Determinations
Spinach (Spinacea oleracea) was hydroponically grown in a greenhouse with supplementary light (250 ,umol quanta m-2 s-'). Four week old plants were transferred to phosphate-or sulfate-deficient medium or maintained on complete medium (for composition of the media see [4] ). Two weeks after the transfer, the oldest primary (1 + 2 leat), secondary (3 + 4 leaf), tertiary (5 + 6 leaf), quatemary leaf pair (7 + 8 leaf) , and the remaining (9 + 10 + younger) leaves were harvested and analyzed separately. Six leaf discs of each sample were placed upside down into Petri dishes filled with water to guarantee efficient water supply. The discs were illuminated for 1 h at 250 ,mol quanta m-2 s-' at ambient CO2 concentration (350 4L L-'). They were rapidly frozen under continuous illumination. Metabolites were extracted and determined as described previously (2, 5) . Chl and protein measurements were as described before (4).
Enzyme Activities
Leaf samples of 200 mg fresh weight were frozen in liquid N2 and stored at -70°C. The activities of GAPDH2 (cJ 1), PGI (1), UDP glucose pyrophosphorylase (20) were measured spectrophotometrically. The samples were homogenized into the assay buffers (marked with * in the text) and the supernatant obtained by centrifugation was used for the determinations. The assays contained for PGI: 100 mmol L-1 tris-(hydroxymethyl)-aminomethane*-Cl (pH 8.0), 2 mmol L-' EDTA*, 15 mmol L-' MgCl2*, 0.2 mmol L-' NADP+, 1.1 mmol L' Fru-6-P, 1.3 units mL-' Glc-6-P dehydrogenase; for GAPDH: 100 mmol L-' tris-(hydroxymethyl)-amino-methane*-Cl (pH 7.6*), 1 mmol L' EDTA*, 1.8 Figure 1 shows concentrations of phosphorylated metabolites which are involved in photosynthesis, carbohydrate, or glycolytic metabolism. Prior to the metabolite determinations, the leaves were photosynthesizing under conditions similar to the growth conditions.
The highest metabolite concentrations were observed in young control leaves for Glc-6-P. Its concentration exceeded 500 ,mol L' and decreased with leaf age. 3-PGA (380 Amol L-'), Fru-6-P (190 ,mol L-'), and Ru-1,5-P2 (>150 ,umol L-') were also present in high concentrations. Levels of Fru-1,6-P2 and DHAP were lower (<100 rmol L-'). Metabolite concentrations changed with leaf age (see "Discussion").
Under phosphate deficiency and particularly in old leaves, concentrations of all phosphorylated metabolites were reduced. This coincides with low levels of extractable P1 (4) and protein and with low rates of photosynthesis (Table I ). The metabolite status of young phosphate-deficient leaves (7 + 8) was similar to that of old control leaves (3 + 4). Table II shows ratios of metabolite concentrations of young to old leaves.
The metabolite pattern was different under conditions of sulfate starvation. With the exception of 3-PGA and Ru-1,5-P2 which showed reduced concentrations, metabolite concentrations were similar in old leaves of sulfate starved and control plants. In young leaves of sulfur-starved plants, levels of most metabolites were low.
Status of the Adenylate System and Assimilatory Force
The energy status of the leaves was characterized by measuring ADP and ATP levels (Fig. 2 (Fig. 3) . P0 was higher in control leaves than in corresponding deficient leaves; it was dramatically reduced in old leaves of phosphate deficient plants. In control plants, Po increased by a factor of 1.8 from old (1 + 2) to young (7 + 8) ( 12) performed a detailed analysis on metabolite distribution between cytosol and stroma in protoplasts and whole leaves. Their work demonstrated that, depending on the length ofthe light period to which the leaves had been exposed prior to harvest, 20 to 40% of the cellular Glc-6-P, 40 to 56% of the Fru-6-P, 47 to 73% of the DHAP, 70 to 80% of the 3-PGA, and 90 to 93% of the Fru-1,6-P2 are localized in the stroma, the remainder being compartmentalized in the cytosol. Interestingly, the relative decrease in metabolite concentration from young to old leaves (Fig. 1) showed a remarkable correlation to the reported distribution of the metabolites between cytosol and stroma. The decrease from young to old leaves was large for metabolites which are predominantly localized in the cytosol. For example in control leaves, a 3.4-fold decrease of metabolite content was measured for Glc-6-P. The factor was 2.5 in the case of Fru-6-P, 1.9 for DHAP, 1.7 for 3-PGA, and 1.7 for Fru-1,6-P2 (Table II) . Furthermore, levels of predominantly or exclusively stromal metabolites did not change significantly between leaves 5 + 6 and leaves 9 + 10, whereas concentrations of Glc-6-P and Fru-6-P changed by a factor of two.
In contrast to control plants, not only the concentrations of presumably stromal but also of cytosolic metabolites were drastically reduced in old as compared to young leaves of phosphate starved plants. The data show that the leaves reduce Calvin cycle activities maintaining catabolic pathways. Under sulfur starvation, concentrations of the 'stromal metabolites' Fru-1,6-P2, 3-PGA, and Ru-1,5-P2 decreased from leaves 5 + 6 to leaves 1 + 2 to an extent comparable to the controls, whereas 'cytosolic' metabolites decreased less.
Relationship between Carbohydrate Metabolism and Volume of the Cytoplasm
The interpretation of leaf metabolite levels could be extended, provided they were related to the volumes of the chloroplastic and cytosolic compartments. However, such data are difficult to obtain in vivo. A simplified approach was chosen to estimate the volumes of the compartments from measured protein and Chl contents (Table III) . Some assumptions were made: (a) Spinach chloroplasts occupy a volume of 30 ,uL mg-' Chl. (b) In mesophyll cells, chloroplasts comprise 50% of the cytoplasmic volume ('cytoplasm' includes all plasmatic compartments [19] ). Thus, in leaves, where the cytosol to chloroplast volume is increased due to non-green cells, we assumed that the chloroplasts accounts for 40% of the total volume ofthe cytoplasm. (c) By far the largest portion of the leaf protein is compartmentalized in the cytoplasm (16) . The cytoplasmic protein concentration was assumed to be constant. (d) The Chl to chloroplast volume was assumed not to change with leaf age or growth condition. This assumption is critical. It is only valid if the development of the thylakoid system is strictly coordinated with that of the stroma. Some evidence for this assumption may be derived from the changes in activities of stromal enzymes and from the changes in concentrations of Calvin cycle intermediates (Table 1 ; Fig. 1; [8] ) and from the reduced number of chloroplasts under sulfate-deficiency (5). All these parameters indicate a coordinated reduction of chloroplast activities. Table III shows the result of the calculation. The volume of the cytosol decreased from 100 ,uL g-' fresh weight in young leaves to 60 uL g-' fresh weight in old leaves. Under nutrient deficiency, the volumes of the cytosol was decreased. It Fig. 1 ). tions of sugar phosphates which have a central function in leaf metabolism. PGI catalyzes the isomerization of Glc-6-P to Fru-6-P. At thermodynamic equilibrium, the ratio of Glc-6-P to Frc-6-P is between 4 and 3 (depending on temperature). When starch synthesis proceeds at high rates, ratio of Glc-6-P/Fru-6-P decreases in spinach chloroplasts to values as low as 1. This shows that the plastidic isomerase becomes partially rate controlling in starch synthesis (3) . The cytosolic reaction is usually close to equilibrium (26) . In young leaves of all plants, the ratio of Glc-6-P to Fru-6-P was about 3 and decreased in old leaves. There, the rate of incorporation of newly fixed 14C into starch was increased as compared to young leaves (Table I) . Fructosebisphosphatase catalyzes hydrolysis of Fru-1,6-P2 to Fru-6-P and P,. At thermodynamic equilibrium, hydrolysis is essentially complete. However, a rather constant ratio of Fru-1,6-P2 to Fru-6-P of 0.3 to 0.5 demonstrates careful control (2) . It is mediated by a chloroplastic and a cytosolic enzyme. The stromal FBPase is of prime importance in regulating the diversion of carbon between regeneration of Ru-1,5-P2 and starch synthesis on one side and export of triosephosphates on the other side. The cytosolic FBPase controls photosynthetic sucrose synthesis. It is regulated by Fru-2,6-P2 (22) . Spinach leaves pretreated so as to alter their sucrose content exhibited a correlation between sucrose contents and leaf levels of Fru-2,6-P2 (23) . Increased sucrose levels resulted in increased levels of Fru-2,6-P2 and phosphorylated metabolites (23 (12, 15) . The balance between synthesis, storage, and transport of soluble sugars is disturbed under conditions of P-or S-deficiency. Sugar and starch levels are increased. Carbohydrates were abundant in deficient plants as compared to well-fertilized plants, although leaf levels of phosphorylated metabolites decreased. The results demonstrate that the inhibition of growth is not a consequence of the capacity of the leaves to synthesize carbohydrates in the light. Growth control is achieved at another level of regulation. Decreased levels of total nucleic acids in all leaves under P-or S-deficiency point to a sensor of the deficiency which is 
